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Based on our previous QCD sum rule studies on hidden-charm pentaquark states, we discuss
possible interpretations of the Pc(4312), Pc(4440), and Pc(4457), which were recently observed by
LHCb. Our results suggest that the Pc(4312) can be well interpreted as the [Σ
++
c D¯
−] bound state
with JP = 1/2−, while the Pc(4440) and Pc(4457) can be interpreted as the [Σ+c D¯
0] bound state
with JP = 1/2−, the [Σ∗++c D¯
−] and [Σ+c D¯
∗0] bound states with JP = 3/2−, or the [Σ∗+c D¯
∗0] bound
state with JP = 5/2−. We propose to measure their spin-parity quantum numbers to verify these
assignments.
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Introduction. Very recently, the LHCb Collaboration dis-
covered a new enhancement, Pc(4312), in the J/ψp in-
variant mass spectrum of the Λb → J/ψpK decays [1].
At the same time, they separated the Pc(4450) into two
structures, Pc(4440) and Pc(4457). This experiment [1]
was based on their previous one performed in 2015 [2],
where the famous hidden-charm pentaquark candidates,
Pc(4380) and Pc(4450), were first observed. All the above
structures contain at least five quarks uudcc¯, so they are
perfect candidates of pentaquark states. Together with
many charmonium-likeXY Z states [3], their studies have
improved our understanding of the non-perturbative be-
haviors of the strong interaction at the low energy region.
However, there is still a long way to fully understand how
the strong interaction binds quarks, gluons, and hadrons
together, and exotic hadrons will continuously be one of
the most intriguing research topics in hadron physics.
In the new LHCb experiment [1] the following reso-
nance parameters were measured:
P+c (4312) : M = 4311.9± 0.7+6.8−0.6 MeV ,
Γ = 9.8± 2.7+3.7−4.5 MeV ,
P+c (4440) : M = 4440.3± 1.3+4.1−4.7 MeV ,
Γ = 20.6± 4.9+8.7−10.1 MeV ,
P+c (4457) : M = 4457.3± 0.6+4.1−1.7 MeV ,
Γ = 6.4± 2.0+5.7−1.9 MeV . (1)
Hence, these three structures are quite narrow, and can
be clearly seen in the J/ψp invariant mass spectrum.
As discussed by LHCb [1], the Pc(4312), Pc(4440), and
Pc(4457) are just below the Σ
+
c D¯
0 and Σ+c D¯
∗0 thresholds
∗Electronic address: hxchen@buaa.edu.cn
†Electronic address: chenwei29@mail.sysu.edu.cn
‡Electronic address: zhusl@pku.edu.cn
(4318 MeV and 4460 MeV [3], respectively), so they can
be naturally interpreted as the bound states composed
of charmed baryons and anti-charmed mesons, whose ex-
istence had been predicted in several theoretical stud-
ies [4–9] before the LHCb-2015 experiment [2]; while af-
ter this experiment [2], lots of theoretical studies were
performed to explain the nature of the Pc(4380) and
Pc(4450), such as meson-baryon molecules [10–16], com-
pact diquark-diquark-antiquark or diquark-triquark pen-
taquarks [17–19], and kinematical effects related to the
triangle singularity [20–22], etc.
We have applied the method of QCD sum rules [23, 24]
to systematically study the hidden-charm pentaquarks in
Refs. [11, 25]. Based on the new experimental informa-
tion [1] as well as our previous theoretical studies [11, 25],
we shall discuss several possible interpretations of the
Pc(4312), Pc(4440), and Pc(4457) in this letter.
The first possible interpretation. In Ref. [11] we applied
the method of QCD sum rules and studied the Pc(4380)
and Pc(4450) as exotic hidden-charm pentaquarks com-
posed of charmed baryons and anti-charmed mesons.
This study was later expanded in Ref. [25], where we
systematically constructed all the possible local hidden-
charm pentaquark currents with spin J = 12/
3
2/
5
2 and
quark contents uudcc¯, and investigated them using the
method of QCD sum rules.
Especially, in the abstract of Ref. [25] we wrote
that:“...we also find a) the lowest-lying hidden-charm
pentaquark state of JP = 1/2− has the mass 4.33+0.17−0.13
GeV, while the one of JP = 1/2+ is significantly higher,
that is around 4.7− 4.9 GeV; b) the lowest-lying hidden-
charm pentaquark state of JP = 3/2− has the mass
4.37+0.18−0.13 GeV, consistent with the Pc(4380) of J
P =
3/2−, while the one of JP = 3/2+ is also significantly
higher, that is above 4.6 GeV; c) the hidden-charm pen-
taquark state of JP = 5/2− has a mass around 4.5− 4.6
GeV, slightly larger than the Pc(4450) of J
P = 5/2+.”
Comparing these values with Eqs. (1), we arrive at the
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2first possible interpretation that (A) the Pc(4312) is the
hidden-charm pentaquark state with JP = 1/2−, while
the Pc(4440) and Pc(4457) may be the two with J
P =
3/2− or/and 5/2−.
However, this picture is quite rough and can not nat-
urally explain the small mass difference between the
Pc(4440) and Pc(4457), which is just about 17 MeV. To
understand this mass splitting, we turn to carefully ex-
amine their internal structures. Actually, this can be well
investigated and described by using hadronic interpolat-
ing currents within the method of QCD sum rules.
The second and third possible interpretations. In Ref. [25]
we found that the internal structure of hidden-charm
pentaquark states is quite complicated. We constructed
hundreds of interpolating currents to reflect this, from
which we derived some mass predictions. We collect all
the mass predictions that are extracted from single cur-
rents and less than 4.5 GeV, and summarize them in
Table I. They are extracted using the following interpo-
lating currents
ξ14 = [
abc(uTaCγµdb)γµγ5cc][c¯dγ5ud] , (2)
ψ2 = [
abc(uTaCγµub)γµγ5cc][c¯dγ5dd] , (3)
ξ33µ = [
abc(uTaCγνdb)γνγ5cc][c¯dγµud] , (4)
ψ2µ = [
abc(uTaCγµub)cc][c¯dγ5dd] , (5)
ψ9µ = [
abc(uTaCγνub)γνγ5cc][c¯dγµdd] , (6)
ξ13µν = [
abc(uTaCγµdb)cc][c¯dγνud] + {µ↔ ν} , (7)
where u, d, c represent the up, down, and charm quarks,
respectively, and the subscripts a, b, c, d are color indices.
The above currents have the negative parity, but their
mirror currents with the positive parity (such as γ5ξ14,
etc.) lead to the same QCD sum rule results. This is
because each of them can couple to both the positive-
and negative-parity pentaquark states, and we need to
determine the parity of the state through the derived
sum rule equations. See Refs. [11, 25–28] for detailed
analyses.
From Table I, we find four mass predictions,
4.33 GeV (1/2−), 4.45 GeV (1/2−), 4.45 GeV (3/2−),
and 4.46 GeV (3/2−), which are almost the same as those
listed in Eqs. (1). Accordingly, we arrive at the second
and third possible interpretations that (B) the Pc(4312)
and Pc(4440) are the two hidden-charm pentaquark states
with JP = 1/2−, while the Pc(4457) is the one with
JP = 3/2−; (C) the Pc(4312) is the hidden-charm pen-
taquark state with JP = 1/2−, while the Pc(4440) and
Pc(4457) are the two with J
P = 3/2−.
It is usually not easy to understand the QCD sum
rule results for multiquark states, because we still do
not well understand the relations between interpolat-
ing currents and their relevant hadron states. We
also refer to Refs. [29, 30], which generally investi-
gate how to apply the method of QCD sum rules
and the large Nc approximation to study multiquark
states. One can use the Fierz transformation to
write a local “molecular” current [abcuadbcc][c¯dud] as a
combination of local diquark-diquark-antiquark currents
fge[abfuadb][
cdgccud]c¯e, and vice versa. However, this
is an overall connection, i.e., a “molecular” current can
be written as a combination of many diquark-diquark-
antiquark currents. We recommend interested readers
to Ref. [31], where we first pointed out such connection
by systematically studying the relation among various
tetraquark currents. Take ψ2µ defined in Eq. (5) as an
example, we can transform it to be
ψ2µ = [
abc(uTaCγµub)cc][δ
dec¯eγ5dd] (8)
=
1
8
fge[abguTaCγµub][
cdfdTc Ccd][γ5Cc¯
T
e ]
+
1
8
fge[abguTaCγµub][
cdfdTc Cγ5cd][Cc¯
T
e ]
− 1
8
fge[abguTaCγµub][
cdfdTc Cγνcd][γ
νγ5Cc¯
T
e ]
+
1
8
fge[abguTaCγµub][
cdfdTc Cγνγ5cd][γ
νCc¯Te ]
+
1
16
fge[abguTaCγµub][
cdfdTc Cσνν′cd][σ
νν′γ5Cc¯
T
e ]
+
1
32
fge[acguTaCγµcc][
dbfdTdCub][γ5Cc¯
T
e ] + · · ·
+
1
32
fge[adguTaCγµdd][
cbfcTc Cub][γ5Cc¯
T
e ] + · · · ,
where · · · are other fge[acguTaCΓicc][dbfdTdCΓjub][ΓkCc¯Te ]
and fge[adguTaCΓldd][
cbfcTc CΓmub][ΓnCc¯
T
e ] compo-
nents (this equation needs to be further simplified,
but we shall not do this in the present study). This
complicated relation suggests that although ψ2µ can still
be interpreted as a diquark-diquark-antiquark current
containing many diquark-diquark-antiquark compo-
nents, it seems much more natural to simply describe it
as a “molecular” current. In this sense, we can extract
some useful information from the “molecular” currents
being used:
• The P+c (4312) can be described by the current
ψ2. The quark contents inside ψ2 can be natu-
rally separated into two color-singlet components,
[abc(uTaCγµub)γµγ5cc] and [c¯dγ5dd]. They are the
two standard charmed baryon and charmed meson
interpolating fields, which couple to Σ++c and D¯
−,
respectively. Accordingly, ψ2 would couple to the
bound state of [Σ++c D¯
−] with JP = 1/2−, if it ex-
ists. Note that we made a typo in Ref. [25] to label
this as [Σ∗cD¯]. Hence, our result suggests that the
P+c (4312) can be well interpreted as the [Σ
++
c D¯
−]
bound state with JP = 1/2−.
• The P+c (4440) and P+c (4457) can be described
by the currents ξ33µ and ψ2µ. The quark
contents inside ξ33µ can be separated into
[abc(uTaCγνdb)γνγ5cc] and [c¯dγµud], coupling to
Σ+c and D¯
∗0, respectively; while those inside
ψ2µ can be separated into [
abc(uTaCγµub)cc] and
[c¯dγ5dd], coupling to Σ
∗++
c and D¯
−, respectively
3TABLE I: Mass predictions for the hidden-charm pentaquark states with spin J = 1
2
/ 3
2
/ 5
2
and quark contents uudcc¯, taken
from Ref. [25]. We summarize here all the mass predictions that are extracted from single currents and less than 4.5 GeV.
Current Defined in Structure s0 [GeV
2] Borel Mass [GeV2] Mass [GeV] (J , P )
ξ14 Eq. (2) [Σ
+
c D¯
0] 20− 24 4.12− 4.52 4.45+0.17−0.13 (1/2,−)
ψ2 Eq. (3) [Σ
++
c D¯
−] 19− 23 3.95− 4.47 4.33+0.17−0.13 (1/2,−)
ξ33µ Eq. (4) [Σ
+
c D¯
∗0] 20− 24 3.97− 4.41 4.46+0.18−0.13 (3/2,−)
ψ2µ Eq. (5) [Σ
∗++
c D¯
−] 20− 24 3.88− 4.41 4.45+0.16−0.13 (3/2,−)
ψ9µ Eq. (6) [Σ
++
c D¯
∗−] 19− 23 3.94− 4.27 4.37+0.18−0.13 (3/2,−)
ξ13µν Eq. (7) [Σ
∗+
c D¯
∗0] 20− 24 3.51− 4.00 4.50+0.18−0.12 (5/2,−)
(
the standard interpolating current coupling to
Σ∗++c is [
abc(uTaCγνub)(g
µν − γµγν/4)cc] [32]
)
.
Hence, our result suggests that the P+c (4440) and
P+c (4457) can be well interpreted as [Σ
+
c D¯
∗0] and
[Σ∗++c D¯
−] bound states with JP = 3/2−.
• The current ξ14 can also be used to describe one
of the P+c (4440) and P
+
c (4457). Its quark con-
tents can be separated into [abc(uTaCγµdb)γµγ5cc]
and [c¯dγ5ud], coupling to Σ
+
c and D¯
0, respectively.
Hence, one of the Pc(4440) and Pc(4457) may be
interpreted as the [Σ+c D¯
0] bound state with JP =
1/2−. The current ξ14 is similar to ψ2, but their
extracted sum rule results are much different, sim-
ply because the two up quarks inside ξ14 are lo-
cated in both of the two color-singlet components,
so that there can be up quark exchange between
these two components, i.e., Feymann diagrams ex-
changing up quarks.
• The current ξ14 can be used to roughly describe one
of the P+c (4440) and P
+
c (4457). Its quark contents
suggest that one of the Pc(4440) and Pc(4457) may
be interpreted as the [Σ∗+c D¯
∗0] bound state with
JP = 5/2−.
• There is still a place for the Pc(4380), that is to use
ψ9µ, whose quark contents can be separated into
[abc(uTaCγνub)γνγ5cc] and [c¯dγµdd], coupling to
Σ++c and D¯
∗−, respectively. Again, its extracted
sum rule result is much different from ξ33µ, due to
the locations of the two up quarks.
Mass splitting between the Pc(4440) and Pc(4457).
Among the above three interpretations, there is still a
problem in the third interpretation, that the two mass
values extracted from the two currents ξ33µ and ψ2µ, both
of JP = 3/2−, are very close to each other (4.45 GeV and
4.46 GeV), so they can couple to the same physical state,
although they have different internal structures. To check
whether ξ33µ and ψ2µ couple to the same state or not, we
calculate their off-diagonal correlation function [33]:
Πξ33µψ2µµν (q
2) ≡ i
∫
d4xeiqx〈0|Tξ33µ(x)ψ†2ν(0)|0〉
=
(
qµqν
q2
− gµν
)
(q/+M∗)Πξ33µψ2µ
(
q2
)
+ · · · , (9)
where Πξ33µψ2µ
(
q2
)
is contributed by the spin 3/2 com-
ponents of ξ33µ and ψ2µ, while contributions from their
spin 1/2 components are all contained in · · · .
If ξ33µ and ψ2µ do strongly couple to the same physical
state P ∗c with the mass M
∗, we would have
〈0|ξ33µ(x)|P ∗c 〉〈P ∗c |ψ†2ν(0)|0〉 6= 0 , (10)
so that Πξ33µψ2µ
(
q2
)
should be nonzero. However, our
QCD sum rule calculation gives us that
Πξ33µψ2µ
(
q2
)
= 0 . (11)
Therefore, ξ33µ and ψ2µ should couple to different states,
and can be used to describe the Pc(4440) and Pc(4457) at
the same time. Since the two QCD sum rule parameters,
the threshold value s0 and the Borel mass MB , are almost
the same when investigating these two currents, we can
extract their mass difference to be
∆M = Mξ33µ −Mψ2µ = 8.1+30.9−18.9 MeV , (12)
where the central value corresponding to s0 = 22 GeV
2
and MB = 4.17 GeV
2. The uncertainty comes from the
Borel mass MB , the threshold value s0, the charm quark
mass, and various condensates [25]. It is much smaller
than those of the absolute mass values listed in Table I,
although still significant. For completeness, we show ∆M
as a function of MB in Fig. 1.
Anyway, the above mass splitting is consistent with the
mass difference between the Pc(4440) and Pc(4457), mak-
ing the third interpretation slightly more natural than
others. It also suggests that the P+c (4440) is preferred
to be interpreted as the [Σ∗++c D¯
−] bound state with
JP = 3/2−, while the P+c (4457) as the [Σ
+
c D¯
∗0] bound
state with JP = 3/2−.
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FIG. 1: The mass difference ∆M = Mξ33µ −Mψ2µ with re-
spect to the Borel mass MB . Mξ33µ and Mψ2µ are the masses
extracted from the currents ξ33µ and ψ2µ, respectively.
Conclusion. In summary, after the discovery of the
Pc(4380) and Pc(4450) by LHCb in 2015 [2], the
Pc(4312), Pc(4440), and Pc(4457) observed in the new
LHCb experiment [1] brought us a great surprise once
more. The coincidence of their measured masses with
our previous theoretical predictions [25] drives us to the
“molecular” picture that the Pc(4312) is the [Σ
++
c D¯
−]
bound state with JP = 1/2−, and the Pc(4440) and
Pc(4457) are the [Σ
∗++
c D¯
−] and [Σ+c D¯
∗0] bound states
with JP = 3/2−, respectively. In this letter we fur-
ther calculate the off-diagonal correlation function be-
tween ξ33µ and ψ2µ, and their non-correlation confirms
that we can extract two mass predictions from them for
two states both having JP = 3/2−, whose mass difference
is extracted to be 8.1+30.9−18.9 MeV.
Besides the above picture, one of the Pc(4440) and
Pc(4457) can also be interpreted as the [Σ
+
c D¯
0] bound
state with JP = 1/2− or the [Σ∗+c D¯
∗0] bound state with
JP = 5/2−. There is still a place for the Pc(4380), that
is to be interpreted as the [Σ++c D¯
∗−] bound state with
JP = 3/2−. There exist more possible interpretations
with the positive-parity assignments [11, 34]. To clearly
understand their nature, one still needs further experi-
mental information.
In the present QCD sum rule studies we intend to use
various internal structures of hidden-charm pentaquark
states to explain the Pc(4312), Pc(4440), and Pc(4457)
at the same time, while there are many other possi-
ble approaches. For example, in the molecular picture
within the one-boson-exchange model, a beautiful pic-
ture is to interpret them as loosely bound ΣcD¯ molecu-
lar state with JP = 1/2−, ΣcD¯∗ with JP = 1/2− and
ΣcD¯
∗ with JP = 3/2−, respective [7, 35]. However, the
[ΣcD¯
∗] bound state with JP = 1/2− was not investigated
in the present study, and we shall study this possibility
in the near future. At the same time, we shall study
the [Σ∗cD¯] bound state with J
P = 1/2− and the [Σ∗cD¯
∗]
bound states with JP = 1/2− and 3/2−, which were not
investigated in the present study neither. We believe that
a systematical QCD sum rule study might help to better
understand these structures as well as this method itself.
We propose to measure the spin-parity quantum num-
bers of hidden-charm pentaquark states to verify whether
the picture of the present study is correct or not. If
it is correct, one would think that the internal struc-
ture of hadrons does influence their observed properties,
and we might face the same situation as the light spec-
trum described by QED [36], so that lots of new exotic
structures could be waiting to be discovered in the fu-
ture. To end this letter, we would like to note that, to-
gether with many charmonium-like XY Z states [3], the
hidden-charm pentaquarks are opening a new window for
studying exotic hadronic matter and improving our un-
derstanding of QCD.
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